Introduction {#Sec1}
============

Coastal solar salterns, characterized by extreme salt concentrations, are colonized by a variety of extreme halophilic--heterotrophic prokaryotes (Oren [@CR1000]). Knowing the diversity and activity of halophilic prokaryotes is therefore of fundamental importance to understand their contribution to organic matter recycling and their functional role in particular environments (Pedrós-Alió et al. [@CR59]; Elloumi et al. [@CR26]).

Culture-dependent methods were shown insufficient to describe bacterial and archaeal diversity from natural samples (Hugenholtz et al. [@CR33]). The use of 16S rRNA clone libraries has led to the discovery of many novel microbial taxa, leading to a better knowledge of the diversity of prokaryotic communities inhabiting extreme salt environments (Benlloch et al. [@CR11]). Comparison of 16S rRNA clone libraries obtained from several extreme salt environments from different regions of the world has revealed unexpected uniformity among the microbial communities (Oren [@CR1000]). For instance, it was reported that crystallizers from Spain, Israel, Australia, Tunisia and Turkey with salinities approaching saturation are dominated by the square archaeon related to the recently isolated *Haloquadratum walsbyi* (Burns et al. [@CR18]; Benlloch et al. [@CR10], [@CR11]; Antón et al. [@CR6]; Oren [@CR51]; Ochsenreiter et al. [@CR49]; Baati et al. [@CR9]; Maturrano et al. [@CR45]). *Salinibacter ruber*, a representative of the *Bacteroidetes* phylum of *Bacteria*, is also a common inhabitant of extreme salt environments worldwide which are at or approaching halite saturation (Antón et al. [@CR7]; Oren and Rodríguez-Valera [@CR52]; Elevi Bardavid et al. [@CR25]; Maturrano et al. [@CR45]; Burns et al. [@CR18]; Jiang et al. [@CR35]). However, some different assemblages were also reported, such as those characterized by the presence of many *Halobacterium*- and *Salicola*-related phylotypes in Andean salterns (Maturrano et al. [@CR45]) or the dominance of *Halorubrum*, *Haloarcula* or *Halobacterium* spp. in extreme salt ponds where *Haloquadratum* are not dominant (Pasić et al. [@CR58]; Bowman et al. [@CR15]; Bidle et al. [@CR12]). *Salinibacter*, *Haloquadratum*, and *Halorubrum* genera have been recently reported to be abundant in a crystallizer pond of solar saltern of Sfax in Tunisia (Baati et al. [@CR9]).

In the last two decades, flow cytometry (FCM) has become one of the most powerful alternatives to microbial counts by optical microscopy in aquatic environments (Gasol and del Giorgio [@CR28]; Grégori et al. [@CR31]; Marie et al. [@CR44]; Legendre et al. [@CR40]; Pan et al. [@CR55]; Casamayor et al. [@CR21]). Besides determining abundance, FCM provides cellular information from individual cells; the forward angle light scatter is related to cell size, and the right angle light scatter is related to cell shape and structure. Fluorescence induced by particular dyes can also provide information on the heterogeneity in cell structure or physiology. For instance, the nucleic acid content of single cells can be assessed after specific staining with nucleic acid dyes (Button et al. [@CR20]; Button and Robertson [@CR19]). One of the most important findings from FCM studies is that aquatic *Bacteria* usually tend to cluster into at least two distinct cell fractions. One fraction is characterized by high fluorescence intensity, indicating high nucleic acid content (HNA). The second fraction is characterized by lower fluorescence intensity, indicating low nucleic acid content (LNA) (Button et al. [@CR20]; Gasol et al. [@CR29]; Troussellier et al. [@CR68]; Lebaron et al. [@CR38]; Nishimura et al. [@CR48]; Sherr et al. [@CR66]). Numerous studies have focused on the relative abundance of LNA and HNA *Bacteria* in aquatic environments (freshwater and seawater), in relation with their in situ activities and phylogenetic diversity (Jellett et al. [@CR34]; Marie et al. [@CR43]; Zubkov et al. [@CR75]; Longnecker et al. [@CR41]; Wang et al. [@CR70]; Nishimura et al. [@CR48]). To date, phylogenetic identification of the sorted HNA and LNA bacterial groups has been based on CARD-FISH (Zubkov et al. [@CR76]) or DGGE analysis (Longnecker et al. [@CR41]). Differences in the phylogenetic diversities of HNA and LNA cells have been reported for the community of *Bacteria* of the Northern Sea (Zubkov et al. [@CR75], [@CR76]) and the Oregon coast (Longnecker et al. [@CR41]), although samples from the Mediterranean sea revealed that both groups were composed of the same dominant species (Servais et al. [@CR65]).

To our knowledge, combining FCM and phylogenetic analysis based on construction of 16S rRNA gene library, after cell sorting, has never been used to characterize heterotrophic microbial assemblages in extreme salt water. Moreover, the broad classification of the LNA and HNA fractions has never been assigned to archaeal community. The present study thus aimed to discriminate HNA and LNA cell groups (*Bacteria* and *Archaea*) with FCM and use phylogenetic analysis, after cell sorting, for unveiling new basic information on the distribution of heterotrophic prokaryotes inhabiting crystallizer and non-crystallizer ponds of coastal solar salterns.

Materials and methods {#Sec2}
=====================

Sampling site and water collection {#Sec3}
----------------------------------

The study was conducted in the multipond solar saltern of Sfax (central-eastern coast of Tunisia, about 34°39′N and 10°42′E). The area of about 1500 ha is divided into 6 different series of ponds along the 12 km coastline. These ponds are shallow (20--70 cm deep), with salinity ranging between 40 and 400 g/L, the extreme salt conditions being favored by the arid climate. The process begins by storing seawater in 17 primary ponds, and water salinity is increased by evaporation. When the salt concentration reaches the range of 41--75 g/L, the seawater is moved to an internal part made of 5 parallel water ponds, until they reach a salt concentration of 130 g/L. After this stage, the seawater is distributed to the 6 pre-crystallization ponds to attain a salinity of 300 g/L. At the final stage in the crystallizer ponds, where the salt precipitates, brines reach a very high salt concentration (400--430 g/L; for more details, refer to Ayadi et al. [@CR8]; Elloumi et al. [@CR26]; Fig. [1](#Fig1){ref-type="fig"}). Throughout the present study, we used two ponds: a crystallizer (TS) with a salinity of about 390 g/L and a non-crystallizer (M1) with a salinity of about 200 g/L. From each sampling site, three water samples were collected on October 2009. One liter sample, kept at 4°C, was used for physico-chemical analyses and total cell counts. This was processed within 2 h after being sampled, while 4.5 mL was immediately fixed with 0.5 mL of a 20% (w/v) borate-buffered formalin solution, pH 7.2, and then rapidly frozen in liquid nitrogen and stored at −80°C until analysis by FCM.Fig. 1Map of the location of the sampling ponds (M1) and (TS) of the Sfax Solar Saltern in Tunisia (Amdouni [@CR3])

Physico-chemical analyses {#Sec4}
-------------------------

The following environmental parameters were measured in situ at the time of sampling: water temperature with a mercury glass thermometer, electrical conductivity (EC) with a probe conductivimeter (model Horiba U. 10), and dissolved oxygen concentration with an oxymeter probe (YSI 57). pH was measured by a Methrom type pH meter just after arrival at the laboratory. Salt concentration was determined at 120°C by drying 50 mL sample in a previously sterilized crystallizing dish, and calculating the total salt concentration from the difference in weight before and after evaporation. Samples for dissolved organic carbon (DOC) were filtered through 0.22 μm pore size membrane and the concentrations were measured as CO~2~ generated by catalytic combustion using a Shimadzu TOC-V carbon analyzer. The nitrogen content was assayed using the Kjeldahl method.

Heterotrophic prokaryote cell groups and total cell counts by FCM {#Sec5}
-----------------------------------------------------------------

FCM analyses for heterotrophic prokaryotes were conducted at the Regional Flow Cytometry Platform for Microbiology (PRECYM) at the Oceanology Centre of Marseille (<http://precym.com.univ-mrs.fr>) using a cell sorter flow cytometer (MoFlo™, Beckman-Coulter), equipped with a dual line, water-cooled, Coherent™ argon laser (351 and 488 nm). The MoFlo flow rate was determined by weighing a sample before and after 3 min of uptake by the instrument, the procedure being repeated 3 times. The average mass going into the instrument over 3 min was then converted into volume by dividing it by the mass of 100 μL of sample. The flow rate expressed in μL/s was derived from the average volume uptake during 3 min.

The extreme salt samples were thawed at room temperature, homogenized and a subsample of 0.5 mL was incubated for 15 min in the dark with 5 μL of SYBRGreen solution (Sigma, Germany, commercial solution diluted 1000 times, final concentration) to stain the nucleic acids. The SYBRGreen family dyes are widely used to stain nucleic acids of aquatic bacteria and in particular marine bacteria because of its weak sensitivity to salt (Lebaron et al. [@CR37]). In addition, SYBRGreen was a dye of choice because of its high fluorescence yield when bound to nucleic acids (<http://www.invitrogen.com>).

Each cell was characterized by three optical parameters: forward (FSC) and right angle light scatter (SSC) of the photons from the 488 nm laser beam, and SYBRGreen fluorescence induced by the 488 nm excitation beam and collected in the green range 515--530 nm. Just before analysis, 10 μL of 1 μm fluorescent fluorosphere suspension (Fluoresbryte^TM^, Polysciences) was added to normalize and control the flow cytometer settings. Data were collected and stored in list mode with the Summit software package (DAKO). Cell groups were optically resolved on the SSC versus SYBRGreen fluorescence and SSC versus FS plots by manual gating (drawing a region around each group). Combining SYBRGreen fluorescence and light diffusion parameters helps to distinguish unambiguously the cells from inorganic particles, detritus and free DNA (Marie et al. [@CR44]).

The contribution percentage of each subgroup to the prokaryotic community was determined by dividing their abundance by the overall abundance of the analyzed prokaryotic cells. The FCM analysis and sorting were optimized by (a) running the sample at \<8000 events s^−1^ in order to avoid coincidences and aborts (linked to the 5.5 μs dead time needed for data acquisition and transfer) and (b) gating out doublets based on the pulse width of the green fluorescence signal (SYBRGreen) used to trigger data acquisition.

Cell sorting based on size classes and nucleic acid content for molecular analysis {#Sec6}
----------------------------------------------------------------------------------

Preliminary assays showed that molecular analyses required at least 10^6^ cells to obtain a good PCR amplification profile (data not shown). For molecular analysis, only two clusters (LNA and HNA) from the crystalliser (TS) and non-crystalliser (M1) ponds were considered for cell sorting. The cell abundance (\<5%) in the other clusters was considered less favorable. The sorted cells were, therefore, simultaneously counted and collected in MilliQ water for phylogenetic analyses. The purity of the sorted groups was controlled by reanalyzing subsamples after each sorting.

PCR amplification of 16S rRNA genes, cloning and sequencing {#Sec7}
-----------------------------------------------------------

Phylogenetic analyses were carried out on subgroups differentiated by FCM at both M1 and TS sites. Immediately after cell sorting, samples were heated at 98°C for 10 min then frozen at −80°C for 10 min to release the DNA. The sample obtained after the thermic shock was used as a template for PCR amplification of 16S with specific bacterial 16S rRNA gene primers (Weisburg et al. [@CR71]), fD1 (5′-AGAGTTTGATCCTGGCTCAG-3′, corresponding to positions 7--26 in the *Escherichia coli* 16S rRNA gene) and rP2 (5′-ACGGCTACCTTGTTACGACTT-3′, corresponding to positions 1513--1494) and specific archaeal 16S rRNA gene primers (DeLong [@CR23]), 21f (5′-TTCCGGTTGATCCYGCCGGA-3′) and 958r (5′-YCCGGCGTTGAMTCCAATT-3′). Each amplification reaction mixture (50 μL) contained PCR buffer (1×), 0.2 mM of each dNTP, 0.1 μM of each primer, 2 μL of template DNA and 1  U of High Fidelity expand DNA polymerase (Roche). After initial denaturation (94°C for 5 min), 45 cycles of 94°C for 30 s, 55°C for 30 s and 72°C for 1 min were performed, followed by a final extension (10 min, 72°C). The PCR products were purified, ligated to pGEM T-easy vector (Promega) and transformed into *E. coli* DH5α cells. Single colonies containing inserts were selected at random, and the inserts were amplified from cells using the primers Sp6 (5′-ATTTAGGTGACACTATAGAATAC-3′) and T7 (5′-GTAATACGACTCACTATAGGGC-3′). Successful transformants were inoculated in microplates containing 150 μL Luria-Broth medium supplemented with 40% glycerol and ampicillin (50 μg mL^−1^). Plasmid extraction and 16S rRNA gene sequencing were performed by the Cogenics service (<http://www.cogenicsonline.com>).

The 16S rRNA gene sequences were registered in the GenBank Data Library (<http://www.ncbi.nlm.nih.gov>) under accession numbers HQ157568 to HQ157683.

Phylogenetic analyses {#Sec8}
---------------------

The diversity of 16S rRNA gene sequences in the collected samples was investigated using the classifier tool (version 2.2) of the Ribosomal Database Project (RDP) website (<http://rdp.cme.msu.edu/index.jsp>; Cole et al. [@CR22]). Only taxonomic affiliations with a confidence threshold of at least 95% were considered.

The taxonomic affiliations proposed by the *classifier* tool were verified by phylogenetic analysis. Closest homologs of each of the 16S rRNA gene sequences were identified by blastN in the nr database at the NCBI (Altschul et al. [@CR2]) and retrieved. Our 16S rRNA sequences and their homologues retrieved from the nr database were aligned using clustalw2 and default parameters (Larkin et al. [@CR36]). The resulting alignments were visually inspected and manually refined when necessary using the MUST package (Philippe [@CR60]). Regions of the alignment where homology between sites was doubtful were removed. Bayesian phylogenetic trees were constructed using MrBayes 3.2 (Ronquist and Huelsenbeck [@CR62]). We used a mixed model of nucleic acids substitution and a Γ law (four discrete categories plus a proportion of invariant sites) to account for among-site rate variation. The MrBayes software was run with four chains for 1 million generations and trees were sampled every 100 generations. To construct the consensus tree, the first 1500 trees were discarded as "burnin".

Results {#Sec9}
=======

Physico-chemical analysis of water samples {#Sec10}
------------------------------------------

The multipond of the Sfax solar saltern in Tunisia consists of a series of interconnected ponds with increasing degrees of salinity from seawater up to salt saturation. In this study, we focused our interest on two ponds with a large difference in salt concentration: the concentrator pond M1 (200 g/L) and the crystallizer pond TS (390 g/L) (Fig. [1](#Fig1){ref-type="fig"}). The physico-chemical characteristics of the sampling-sites surface waters are shown in Table [1](#Tab1){ref-type="table"}.Table 1Physico-chemical parameters observed in the surface seawater at the M1 and TS sampling sites during the survey experimentPondTSM1Temperature (°C)2925pH7.848.59Salinity (g/L)390200Conductivity (mS/cm)615405DOC (mg/L)2.73.8Total nitrogen (mg/L)21.419.7Date of sampling: 03/10/09

Cytometric characterization of HNA and LNA cell groups in M1 and TS {#Sec11}
-------------------------------------------------------------------

FCM analysis of the collected samples at both sampling sites showed that the prokaryote abundance was about 3-fold higher in TS than in M1: 28.7 × 10^7^ and 8.12 × 10^7^ cells/mL, respectively. The resolution of distinct cell groups was achieved on the basis of their optical properties (forward and right angle light scatter, and SYBRGreen induced fluorescence) as illustrated in Fig. [2](#Fig2){ref-type="fig"}. The HNA and LNA clusters were observed at both M1 and TS sites and represented more than 95% of the total cell count, the cell abundances of the other clusters remaining \<5%. In addition, LNA and HNA groups were partially overlapping and therefore not fully resolved on the basis of green fluorescence alone. However, the cells composing these two groups did present distinct features regarding their size and inner structure (scattering properties) as well as their nucleic acid content (SYBRGreen fluorescence, see Fig. [2](#Fig2){ref-type="fig"}). At TS site, the HNA cluster represented 63.7% of the total cell count, belonging to the high (58%) and low (5.7%) side scatter groups (Fig. [2](#Fig2){ref-type="fig"}). The LNA cluster represented 32.0% of the total cell count also dispatched between the high (20.8%) and low (11.2%) side scatter groups (Fig. [2](#Fig2){ref-type="fig"}). At M1 site, the HNA cluster represented 35.9% of the total cell count, belonging to the high (23.6%) and low (12.3%) side scatter groups (Fig. [2](#Fig2){ref-type="fig"}). The LNA cluster represented 63.5% of the total cell count also dispatched between the high (31.0%) and low (32.5%) side scatter groups (Fig. [2](#Fig2){ref-type="fig"}). In TS, HNA cells were more abundant than LNA ones. It was the opposite in M1 with also similar differences regarding the structure signal within HNA and LNA. An additional important difference between TS and M1 is the presence of the unidentified group (UG) observed in TS but not in M1, characterized by a larger size signal and a LNA content. To minimize the overlapping of HNA and LNA clusters, sorting was restricted to their core, cells selected for sorting in each core represented about 20% of the total cell count.Fig. 2Flow cytometry resolution of heterotrophic prokaryotic cell groups derived from typical cytograms of heterotrophic prokaryotes sampled on 3 October 2009 in M1 and TS ponds of the Sfax solar saltern. In the dual-parameter dot plot representing the side scatter (structure) versus forward scatter (size) in arbitrary units (a.u.), the main (\>95% of total cell count) cluster was divided in two groups with respect to the structure signal, using the same windows for TS and M1. An additional unidentified group (UG) was singled out in TS but was absent in M1. Each selected group was further plotted individually as green-fluorescence in arbitrary unit (a.u.) of the nucleic acid stain SYBRGreen™ versus forward scatter (size), revealing an additional heterogeneity with respect to the structure signal. The UG group in TS appears as of LNA type but presents larger size and structure signals than the main HNA and LNA groups

Phylogenetic analysis of HNA and LNA cell subgroups from M1 and TS sites {#Sec12}
------------------------------------------------------------------------

The differences between the TS and M1 ponds in terms of physico-chemical characteristics led to the question as to whether they were also different in terms of species composition and population structure. To this end, we analyzed the biodiversity of LNA and HNA, which were the two most abundant groups (\>90% of the total cell counts, Fig. [2](#Fig2){ref-type="fig"}) present at the studied sites (M1 and TS). Two libraries were generated, one by the use of 16S rRNA bacterial primers (fD1 and rP2) and one by the use of 16S rRNA universal archaeal primers (21f and 958r).

Although the archaeal 16S rRNA gene was successfully amplified in all samples, we failed to amplify the bacterial 16S rRNA gene in the M1-HNA and TS-LNA samples suggesting that if present, the bacterial population is at very low amount within these samples (Supplementary material, Fig. S1).

We used the *classifier* tool version 2.2 of the RDP to perform preliminary taxonomic affiliations of the successfully amplified 40 bacterial and 76 archaeal clones with a confidence threshold of 95% (Table S1; Fig. [3](#Fig3){ref-type="fig"}). The use of a lower confidence threshold (down to 85%) gave similar results and did not significantly decrease the proportion of unaffiliated clones (Table S1). The taxonomic affiliations provided by the RDP were verified by phylogenetic analyses (Fig. [4](#Fig4){ref-type="fig"}). First, we observed that *Bacteria* were present only in one cell fraction (HNA fraction, in TS or LNA fraction, in M1) and that *Archaea* tend to cluster into the two distinct cell fractions. In order to analyze prokaryotic biodiversity in each pond, we decide to pool results from archaeal or bacterial phylogenetic 16 rRNA sequences retrieved from both HNA and LNA fractions. As expected only *Archaea* affiliated to *Halobacteriales* order (phylum *Euryarchaeota* class *Halobacteria*) were identified in the *Archaea* population (Figs. [3](#Fig3){ref-type="fig"}, [4](#Fig4){ref-type="fig"}; Table S1; Antón et al. [@CR6]; Benlloch et al. [@CR10]; Rosselló-Móra et al. [@CR63]; Bolhuis et al. [@CR13]; Walsby [@CR69]; Fendrihan et al. [@CR27]; Maturrano et al. [@CR45]; Baati et al. [@CR9]). However, differences existed between the two ponds. For example, although *Halorubrum* and *Haloquadratum* representatives were found in significant proportions (23 and 16%, Figs. [3](#Fig3){ref-type="fig"}, [4](#Fig4){ref-type="fig"}) in the M1 pond, most archaeal clones (61%) could not be affiliated to cultivated halobacteriales lineages. In contrast, samples from the TS pond were dominated by phylotypes belonging to the *Haloquadratum* genus (49%, Fig. [3](#Fig3){ref-type="fig"}), whereas *Halorubrum* and unaffiliated clones represented only 21 and 30% of the archaeal population. Compared with *Archaea*, *Bacteria* were much less diverse and the difference between the two ponds was more marked. The bacterial population of the M1 pond was composed exclusively by clones affiliated to *Phyllobacterium* (94%) and *Variovorax* (6%). This was surprising because these two genera belonging to *Alpha*- and *Beta-proteobacteria* divisions are not usually found in halophilic environments (Rojas et al. [@CR61]; Alavi et al. [@CR1]; Willems et al. [@CR72]). In contrast, all bacterial 16S rRNA retrieved from the TS pond represented a single genus, *Salinibacter* (*Bacteroidetes* phylum, *Sphingobacteria* class).

We next aimed to examine the differences between HNA and LNA sub-populations in terms of heterotrophic prokaryotes diversity. As shown in Fig. [3](#Fig3){ref-type="fig"}, archaeal sequences corresponding to unclassified *Halobacteriales* were more abundant in M1-HNA than in M1-LNA, suggesting that HNA population of this pond was mainly composed of an unknown genus. Within HNA *Archaea* affiliated to the *Haloquadratum* genus, cells appear to be present in large amounts in HNA in M1 compared with TS (40 vs. 31% of *Haloquadratum* clones). On the other hand, within *Archaea* affiliated to *Halorubrum* genus, cells appear to be much more present in HNA in TS compared with M1 (14 vs. 57% of *Halorubrum* clones) (see Table S1).Fig. 3Genus-level diversity based on clone libraries obtained from the most abundant cell groups in M1 and TS ponds. In this study, we used the Naïve Bayesian Classifier for Rapid Assignment of 16S rRNA sequences of HNA and LNA groups, from both TS and M1, into bacterial and archaeal taxonomy according to 95% confidence threshold. All sequences with a confidence threshold of less than 95% were considered as unclassified *Bacteria* or *Archaea* and they could be novel representatives of a new genus or species

In the *Bacteria* analysis (Fig. [3](#Fig3){ref-type="fig"}), differences were detected only in LNA for M1 and HNA for TS indicating a clear difference in terms of *Bacteria* adaptation in these two ponds. Whereas most bacterial sequences from M1 (LNA) (94%) were clustered into *Proteobacteria* phylum *(Alphaproteobacteria* class *Phyllobacterium* genus), all bacterial sequences retrieved from TS (HNA) were clustered into *Bacteroidetes* phylum (*Sphingobacteria* class *Salinibacter* genus).Fig. 4Bayesian phylogenetic trees of archaeal (**a**) and bacterial (**b**) 16S rRNA sequences. Detailed trees are shown as Supplementary material (Figure S2 and Figure S3). *Numbers* at nodes represent posterior probabilities. For clarity only relevant values are shown. The *scale bar* represents the average number of substitutions per site

Discussion {#Sec13}
==========

In this study, we combined FCM and phylogenetic analyses after cell sorting to study heterotrophic prokaryote groups from crystallizer and non-crystallizer ponds of a coastal solar saltern in Sfax (Tunisia).

Total cell counts per mL (around 10^7^) were evaluated by FCM in the crystallizer pond, TS, or in the non-crystallizer pond, M1, and were similar to those reported for other such extreme salt environments (Guixa-Boixareu et al. [@CR32]; Oren et al. [@CR53]; Antón et al. [@CR5], [@CR6]; Ochsenreiter et al. [@CR49]; Mutlu et al. [@CR47]). Considering the lack of predation and the high nutrient levels, the high and similar microbial abundance in such diverse crystallizer ponds across the world suggests that salinity is the main factor controlling microbial abundance (Pedrós-Alió et al. [@CR59]).

Archaeal 16S rRNA gene clone libraries indicated that in both M1 and TS ponds, the *Haloquadratum* and *Halorubrum* genera are abundant components of the prokaryotic community. This supports the view that *Haloquadratum* is widespread and often dominates within the microbial community (Benlloch et al. [@CR10], [@CR11]; Antón et al. [@CR7]; Oren et al. [@CR54]; Ochsenreiter et al. [@CR49]; Mutlu et al. [@CR47]; Baati et al. [@CR9]). Previous studies have also reported *Halorubrum* to be the most abundant genus in various salterns and salt lakes where *Haloquadratum* is not dominant or absent (Burns et al. [@CR17]; Xu et al. [@CR73]; Pasić et al. [@CR57], [@CR58]). These two major groups of halobacteriales have been recently found to be dominant in three, geographically distant, Australian crystallizer ponds (Oh et al. [@CR50]). These observations agree with the findings that show representatives of the genus *Halorubrum* and *Haloquadratum* to be well adapted to extremely high salt concentrations (close or at the saturation point) (Bolhuis et al. [@CR13]; Burns et al. [@CR16], [@CR18]; Papke et al. [@CR56]).

Bacterial 16S rRNA gene clone libraries indicated that the genera *Phyllobacterium* and *Salinibacter* dominate the *Bacteria* community in M1 and TS ponds, respectively. Interestingly, unexpected presence of the representatives of *Phyllobacterium* genus could be explained by the presence of *Dinoflagellates*, recently observed by Elloumi et al. ([@CR26]), in six different salt ponds of the solar saltern of Sfax, among which M2 pond is near the M1 pond of the current study. Indeed, physical association and symbiosis of representatives of *Phyllobacterium* genus and *Dinoflagellate* cells have been reported (Alavi et al. [@CR1]).

The presence of representatives of *Salinibacter* genus in the TS pond was unsurprising because they also comprise between 5 and 30% of the total prokaryotic community in other crystallizer ponds from artificial solar salterns (Elevi Bardavid and Oren [@CR24]; Antón et al. [@CR6], [@CR7]).

Interestingly, Baati et al. ([@CR9]) performed within the same coastal solar saltern in Sfax (Tunisia), 16S rRNA gene sequences analysis in 3 ponds including the crystallizer pond, S5, which appears similar to the TS pond in terms of physico-chemical characteristics and localization. And, our results of the phylogenetic analyses of *Bacteria* and *Archaea* from the TS pond agreed with those reported by Baati et al. ([@CR9]) for the S5 pond. Indeed, within *Archaea*, the genera *Haloquadratum* and *Halorubrum* were most abundant in both studies, whereas within *Bacteria*, the genus *Salinibacter* was most abundant.

The presence of HNA and LNA bacterial groups is a typical FCM phenomenon based on cellular properties observed by FCM analysis after nucleic acid staining. Detection of HNA and LNA *Bacteria* via FCM has been reported over a wide range of aquatic ecosystems covering large environmental gradients (Troussellier et al. [@CR68]; Gasol et al. [@CR29]; Gasol and del Giorgio [@CR28]; Lebaron et al. [@CR38]; Andreatta et al. [@CR4]; Thyssen et al. [@CR67]; Longnecker et al. [@CR42]; Sherr et al. [@CR66]; Schapira et al. [@CR64]). Here, we show for the first time that this phenomenon could also be extended to archaeal populations.

Ecological or physiological significance of LNA or HNA prokaryotic cells is far from obvious. The relationship between HNA and LNA cell clusters remains elusive and four hypotheses have been proposed (see Bouvier et al. [@CR14] and references therein). The first proposal is that the HNA fraction represents active and growing microorganisms, whereas those in the LNA fraction are inactive (dormant, injured or dead cells) and originate from the HNA fraction. Another hypothesis is that the LNA fraction encompasses a wide range of physiological states. These include healthy and active cells, and inactive, dormant, and injured cells, all of which share a similar baseline range of nucleic acid, as demonstrated by FCM. In this scenario, HNA cells would simply originate from active LNA cells that are undergoing fast cell division, have replicated their DNA or acquired multiple genome copies. According to these two hypotheses, no differences in taxonomic diversity are expected between the LNA and HNA fractions. In contrast, HNA and LNA have been proposed to represent distinct communities with little or no interaction between them. A final scenario assumes that dynamic exchanges between the two fractions (i.e. passage of HNA to the LNA fraction, and vice versa) exist, and are distinct to each of the fractions. Based on our phylogenetic results after LNA and HNA cell sorting from TS and M1 samples, we observed that *Bacteria* follow scenario 3 because they were detectable only in one subgroup, LNA in M1 and HNA in TS. By contrast, *Archaea* cells retrieved from our samples follow scenario 4 where representatives of each genus were detected in all of the samples. These results suggest that different scenarios can co-exist within the same environment.

Finally, if we assume that HNA cells represent the active prokaryote fraction, the exclusive presence of *Salinibacter* in the HNA group of the crystallizer pond indicates that representatives of the genus *Salinibacter* are well adapted to high salt concentrations (above saturation point). Indeed, according to its genome and proteome characteristics, *Salinibacter* exhibits several features that allow it to function at high salt concentrations. These include a potentially versatile metabolism, broad degradative abilities, several 'halobacterial-like' characteristics, and adaptation of proteins to function at high salt concentration (Mongodin et al. [@CR46]). These features allow it to compete for space and available nutrients with *Halobacteria*, sharing the same environment and carrying out all the prokaryotic activities (Gasol et al. [@CR30]), in particular with *Haloquadratum* (Elevi Bardavid and Oren [@CR24]).

Moreover, we observed that in M1, 14% of the *Halorubrum* genus and 40% of the *Haloquadratum* genus were related to the HNA subgroup (Supplementary material, Table S1). In contrast, 57% of the *Halorubrum* genus and 31% of the *Haloquadratum* genus were related to the HNA subgroup in TS (Supplementary material, Table S1). Here also, these observations are consistent with the fact that representatives of the genus *Halorubrum* and *Haloquadratum* are well adapted to extremely high salt concentration (close or at the saturation point; Bolhuis et al. [@CR13]; Burns et al. [@CR17], [@CR18]). Altogether, our observations are in good agreement with the hypothesis that HNA cells represent mainly the active prokaryotic fraction.

In conclusion, combining FCM and phylogenetic analysis after cell sorting is a suitable tool to characterize microbial communities and their physiological behavior. This combination of cytomic and genomic analysis of microorganisms helps to better understand the functioning of their related ecosystems. Phylogenetic analysis alone applied to the bulk community would have been unable to reveal the complexity of the prokaryotic composition as FCM showed it, with the presence of several cell groups in very low abundance (around 1%) and whose identification will require further work.

Electronic supplementary material {#AppESM1}
---------------------------------

Below is the link to the electronic supplementary material.

###### 

Supplementary material (DOC 1448 kb)

This study was supported by the CMCU committee (project No: 07S0903). We thank the Tunisian COTUSAL salt company in Sfax for permission to access to the saltern and the laboratory of chemical analysis at the ENIS for doing all major cations dosage. C. Brochier-Armanet is supported by an "Action Thématique et Incitative sur Programme (ATIP)" of the French Centre National de la Recherche Scientifique (CNRS).

**Open Access** This article is distributed under the terms of the Creative Commons Attribution Noncommercial License which permits any noncommercial use, distribution, and reproduction in any medium, provided the original author(s) and source are credited.

H. Trigui and S. Masmoudi are co-first authors and contributed equally to this work.

[^1]: Communicated by A. Oren.
